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ABSTRACT

This paper deals with a condition-based maintenance (CBM)
model considering both perfect and imperfect maintenance
actions for a deteriorating system whose condition is aperiod-
ically monitored according to a remaining useful life (RUL)
based-inspection policy. Perfect maintenance actions restore
completely the system to the ’as good as new’ state. Their
related cost are however often high. Imperfect preventive
maintenance restores partially the system with reduced main-
tenance cost. Nevertheless, it may however make the system
more susceptible to future deterioration. The aim of the pa-
per is to propose a CBM model which can help to construct
optimal maintenance policies when both perfect and imper-
fect maintenance actions are possible. To illustrate the use
of the proposed CBM model, a numerical example finally is
introduced.

1. INTRODUCTION

Maintenance involves preventive and corrective actions car-
ried out to retain a system in or restore it to an operating
condition. Optimal maintenance policies aim to provide op-
timum system reliability/availability and safety performance
at lowest possible maintenance costs, (Pham & Wang, 1996).
In the literature, perfect maintenance actions (or replacement
actions) which can restore the system operating condition to
as good as new have been considered in various maintenance
models. The implementation of perfect maintenance policies
seems quite simple, however, perfect maintenance actions are
often expensive. Imperfect maintenance implying that the
system condition after maintenance is somewhere between
the condition before maintenance and as good as new has
grown recently as a popular issue to researchers as well as in-
dustrial engineering, see for example (Castro, 2009; Kijima,
Morimura, & Suzuki, 1988; Labeau & Segovia, 2010; Levitin
& Lisnianski, 2000; Nakagawa & Yasui, 1987; Liu & Huang,
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2010). From a practical point of view, imperfect mainte-
nance can describe a large kinds of realistic maintenance ac-
tions (Pham & Wang, 1996). Furthermore, imperfect main-
tenance is usually cheaper than perfect maintenance. Various
methods and optimal policies for imperfect maintenance are
summarized and discussed in (Pham & Wang, 1996; Wu &
Zuo, 2010). In such maintenance models, preventive main-
tenance decision is however based on the system age and on
the knowledge of the statistical informations on the system
lifetime. As a consequence, the realistic operating conditions
of the system over time can not be taken into account.

To face this issue, condition-based maintenance (CBM), for
which preventive maintenance decision is based on the ob-
served system condition, is recently introduced. Thank to
rapid development of monitoring equipments which can pro-
vide accurately information about the system condition over
time, CBM becomes nowaday an interesting approach for
maintenance optimization. Various CBM policies have been
proposed and applied for many industrial systems, see for
example (Ghasemi, Yahcout, & Ouali, 2007; Grall, Dieulle,
Bérenguer, & Roussignol, 2002; Neves, Santiago, & Maia,
2011; Noortwijk, 2009; Tan, Cheng, Guo, & Gong, 2010).
It is recently shown in (Meier-Hirmer, Riboulet, Sourget, &
Roussignol, 2008; Nicolai, Frenk, & Dekker, 2009; Ponchet,
Fouladirad, & Grall, 2011) that CBM is specially suited to
imperfect maintenance since according to the observed con-
dition of the system, an optimal maintenance action repre-
sented by an optimal intervention gain is preventively carried
out. However, in such maintenance policies, only imperfect
preventive or imperfect repair actions are considered and the
system is assumed to be imperfectly maintained an infinite
number of times. From a practical point of view, this as-
sumption may not always be relevant since, in variety of engi-
neering and service applications, systems can be maintained
only a limited number of times due to technical or economi-
cal reasons (Kurt & Kharoufeh, 2010). Furthermore, as men-
tionned in (Nicolai et al., 2009), each imperfect maintenance
action may make the system more susceptible to future dete-
rioration. To this end, a fixed number of allowable imperfect
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maintenance actions is introduced in maintenance models in
(Kurt & Kharoufeh, 2010; Do Van & Berenguer, 2012) and
considered as a decision parameter. However, the value of
variable is arbitrary chosen and they do not describe how the
imperfect repair actions affect the deterioration evolution of
the system.

The aim of this paper is to propose a CBM model consid-
ering both perfect and imperfect maintenance actions for a
deteriorating system. Imperfect maintenance is investigated
with both positive and negative sides. Positive impact means
that it can reduce the deterioration level of the system with
reduced maintenance cost. Negative impact implies that each
imperfect preventive action may accelerate the speed of the
system’s deterioration process. Moreover, in CBM practice,
inspections are usually performed at regular intervals. How-
ever, it may not be always profitable to systematically in-
spect the system, especially when the inspection procedureis
costly. The present paper proposes to use an aperiodic inspec-
tion policy which is based on the residual useful life (RUL)
of the system, see (Cui, Xie, & Loh, 2004; Gebraeel, Lawley,
Li, & Ryan, 2005; Yang & Klutke, 2001).

This paper is organized as follows. Section 2 is devoted to the
description of the system characteristics and related assump-
tions. Imperfect maintenance actions and their related cost
model are also described and discussed. Section 3 focuses
on the proposed imperfect maintenance policy. To illustrate
the proposed maintenance policy, a simple numerical exam-
ple is introduced in Section 4. Some numerical results are in
addition discussed here. Finally, the last section presents the
conclusions drawn from this work.

2. MODEL DESCRIPTION AND ASSUMPTIONS

2.1. General assumptions
Consider a system in which the condition (deterioration level)
at timet can be summarized by an observable random scalar
variableXt. This random variable can represent for example
a crack length or defect products. In the absence of repair or
replacement actions, the evolution of the system deterioration
is assumed to be strictly increasing. The process(Xt)t≥0 is
then an increasing stochastic process. Moreover, we suppose
that the following assumptions are verified.

• The initial stateX0 is 0;

• The system is failed if its deterioration level is greater
than a levelL. The thresholdL can be seen as a deterio-
ration level which must not be exceeded for economical
or security reasons. We assume that(i) inspection and
maintenance actions can be only performed at discrete
times and(ii) the system failure is self-announcing.

The system degradation behavior and corresponding states
are illustrated in Fig. 1.

To avoid failure occurrence of the system, preventive main-
tenance is considered. It is assumed that both imperfect and
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Figure 1. Illustration of the system degradation evolutionand
its state.

perfect preventive maintenance actions, which incur respec-
tively perfect maintenance costCp and imperfect mainte-
nance costCk

p , are possible.

2.2. Deterioration modelling
Gamma processes have been widely used to describe the
degradation of systems (Noortwijk, 2009; Grall et al., 2002;
Do Van & Berenguer, 2012). A characteristic of this process
is that it is clearly monotone increasing which is the behavior
observed in most physical deterioration processes. Moreover,
its paths are discontinuous and it can be thought as the ac-
cumulation of an infinite number of small shocks. Following
this spirit, it is assumed that the deterioration of the system
between thekth and the (k+1)th maintenance actions evolves
like a Gamma stochastic process(X̃t)t≥0, with the following
characteristics:

• X̃0 = Xk, (Xk represents the deterioration level of the
system after thekth maintenance action);

• (X̃t)t≥0 has independent increments;

• for all 0 ≤ l < t, the random increment̃Xt − X̃l follows
a Gamma probability density (pdf) with shape parameter
αk(t− l) and scale parameterβ:

fαk(t−l),β(x) =
1

Γ(αk(t− l))
βαk(t−l)xαk(t−l)−1e−βxI{x≥0},

where:

- I{x≥0} is an indicator functionI{x≥0} = 1 if x ≥
0, I{x≥0} = 0 otherwise;

- αk = vk/β with vk being the mean deterioration
speed of the system between thekth and the (k +
1)th maintenance actions.

After a corrective or perfect preventive maintenance action,
the system becomes as good as new (the deterioration level is
set to 0 and the deterioration behavior evolves with time ac-
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cording to the nominal speedv0 = α0/β). Imperfect main-
tenance actions can reduce the system’s deterioration level
with reduced maintenance costs. However, as mentioned in
(Nicolai et al., 2009; Kurt & Kharoufeh, 2010), imperfect
maintenance actions may affect the evolution of the system’s
deterioration process. The impacts of imperfect maintenance
actions will be described in the next section.

2.3. Imperfect maintenance actions and related costs

2.3.1. Impact of imperfect actions on the deterioration
level

It is shown in the literature that maintenance gains, definedas
the reductions of the deterioration level of the system due to
imperfection maintenance actions, could be random, see for
instance (Castro, 2009; Meier-Hirmer et al., 2008; Do Van &
Berenguer, 2012).

In this way, if thekth imperfect maintenance action is per-
formed at inspection timeTi, the intervention gain is then as-
sumed to be described by a continuous random variableZk.
Zk is restricted,0 ≤ Zk ≤ XTi

whereXTi
is the deteriora-

tion level of the system atTi. In fact, it is shown in (Do Van
& Berenguer, 2012) thatZk can be distributed according to a
truncated normal distribution with density:

gµ,σ,a,b(x) =
1
σ
φ(x−µ

σ
)

Φ( b−µ
σ

)− Φ(a−µ
σ

)
I[a,b](x), (1)

where:

• I[a,b](x) = 1 if a ≤ x ≤ b andI[a,b](x) = 0 otherwise;

• φ(ξ) = 1√
2π

exp (− 1
2ξ

2) is the probability density func-

tion of the standard normal distribution andΦ(·) is its
cumulative distribution function;

• µ = XTi
/2 andσ = XTi

/6;

• a = µ− 3σ = 0 andb = µ+ 3σ = XTi
,

According to this distribution, it is clear thata ≤ ZTi
≤ b,

i.e. 0 ≤ Zk ≤ XTi
is satisfied. The mean intervention gains

is E(Zk) = µ and the variance isVAR(Zk) = 0.973σ2, see
(Ross, 1996). Thank to the imperfect preventive action, the
deterioration level of the system after maintenance is set to
Xk = XTi

−Zk. The illustration of the system deterioration
evolution and random maintenance gain are shown in Fig. 2.

2.3.2. Impact of imperfect actions on the deterioration
speed

To model the impact of imperfect actions on the evolution de-
terioration of the system, it is assumed in this work that each
imperfect preventive action affects the speed of the system
deterioration process. This can be found in variety of busi-
ness sectors, e.g. removing several components for mainte-
nance actions may accelerate the deterioration evolution of
other components; spare parts may be reusable components
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Figure 2. Illustration of deterioration evolution and impacts
of imperfect maintenance.

or low quality components, as a consequence, after mainte-
nance the deterioration level of the system can be reduced
however the deterioration speed may be increased. The im-
pact of an imperfect maintenance action on the system dete-
rioration speed can be described by non-negative continuous
random variableǫ which follows an exponential distribution
with density probability:

h(x) = γe−γxI{x≥0},

whereγ is a non negative real number. The mean value ofǫ
isE[ǫ] = γ.

By this modelling, if thekth maintenance action is a cor-
rective or perfect preventive maintenance, the mean dete-
rioration speed of the system after maintenance is reset to
vk = v0 = α0/β. If the kth maintenance action is an im-
perfect preventive one, the mean deterioration speed of the
system after maintenance is:

vk = vk−1 + ǫ. (2)

An example of increasing of the deterioration speed due to an
imperfect maintenance action is illustrated in Fig. 2. A case
study on the sensitivity to the effect of imperfect maintenance
actions will be discussed in Section 4.

2.3.3. Imperfect preventive maintenance cost

In general, each maintenance action incurs a cost and an im-
perfect maintenance action often incurs a reduced mainte-
nance cost, namely imperfect maintenance cost, which may
be independent of maintenance gain and bounded by perfect
maintenance cost, see for instance (Castro, 2009; Labeau &
Segovia, 2010; Meier-Hirmer et al., 2008). From a practical
point of view, in most cases, the quality of the maintenance
action increases with the level of ressources allocated to it,
and hence with its cost, see (Lie & Chun, 1986; Liu & Huang,
2010; Mettas, 2000). To model imperfect maintenance ac-
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tions in the context of deteriorating systems, the degradation
improvement factor, defined as the ratio of the improvement
gain divided by the deterioration level of the system before
maintenance, has been recently introduced, see (Do Van &
Berenguer, 2012). Based on the improvement factor, imper-
fect maintenance costs can be evaluated and considered as a
function of the improvement factor. In this way, it is assumed
in this work that when thekth imperfect preventive action is
performed at inspection timeTi, we have to pay a mainte-
nance cost which is defined as:

Ck
p = C0

p .u(Ti)
η, (3)

where:

- u(Ti) =
Zk

XTi

is the degradation improvement factor;

- C0
p is imperfect preventive cost incurred when the deteri-

oration level of the system is reduced to 0 with imperfect
maintenance action. This cost is usually lower than a
perfect preventive cost (C0

p ≤ Cp);

- η is a non-negative real number.

According to this cost model, different kinds of maintenance
cost function can be found depending on the value ofη. More
precisely:

• when η = 0, imperfect maintenance cost is constant
(Ck

p = C0
p );

• when0 < η < 1, imperfect maintenance costCk
p is a

concave function: the maintenance cost increases more
than the improvement gain when performing the mainte-
nance;

• whenη = 1, Ck
p is a linear function which implies that

the maintenance cost is proportional to the improvement
level gain;

• whenη > 1, Ck
p is a convex function: the maintenance

cost increases less than the improvement gain.

Figure 3 illustrates these three different shapes of the imper-
fect maintenance cost function. A case study of the proposed
imperfect maintenance policy with different kinds of imper-
fect maintenance cost functions will be presented in Section
4.

3. MAINTENANCE POLICY

In the framework of CBM optimization, a maintenance pol-
icy relies essentially on two main decisions: when to take
(preventively/correctively) maintenance actions and when to
inspect. The system degradation can be used to make the de-
cision on the inspection time and on the maintenance action
to be performed, (Grall et al., 2002; Noortwijk, 2009; Do Van
& Berenguer, 2010).

The maintenance decision is herein based on both the system
deterioration level at inspection time and the potential evo-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Degradation improvement factoru(.)

C
k p
/
C

0 p η = 0

η = 0.4

η = 1

η = 3
η = 5

Figure 3. Illustration of imperfect maintenance cost function.

lution of the system’s deterioration process. More precisely,
according to the degradation levelXTi

at inspection timeTi,
the maintenance decision is the following:

• if XTi
< M , the system is in a working state, no main-

tenance action is performed.M is called the preventive
maintenance threshold and it is a decision variable to be
optimized.

• if L > XTi
≥ M , the system is still functioning, how-

ever its deterioration level is considered as ”high”. A pre-
ventive maintenance action is immediately carried out.
Without loss of generality, it is assumed that this pre-
ventive maintenance action is thekth preventive main-
tenance action from the last perfect maintenance of the
system. Ifk = K (K is called the imperfect threshold
and it is a decision variable to be optimized), thekth pre-
ventive maintenance action is a perfect one. Contrarily,
if k < K the kth preventive maintenance action is an
imperfect one. This imperfect preventive maintenance
action may not restore completely the system but it leads
the system to be a better state at which the degradation
level is lower or equal to the current deterioration level of
the system. The impacts of imperfect preventive mainte-
nance actions and their related cost have been described
in Section 2.3.

• if XTi
≥ L , the system is failed, then a corrective re-

placement action is performed and a costCc is incurred.
An additional cost is incurred by the timedj elapsed in
the failed state at a unavailability cost rateCd which may
correspond to, for example, production loss per unit of
time. After a corrective maintenance action, the system
is considered as good as new.

We assume finally that maintenance durations are neglected
and all the necessary maintenance ressources to execute pre-
ventive or corrective maintenance actions are always avail-
able. The decision process of the maintenance policy is illus-
trated in Fig. 4.
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GivenL,M,K,Q

X0 = 0, i = 0, k = 0

EvaluateT1 = m(X0, Q)

i = i + 1

Monitor the system atTi

Evaluatem(XTi
, Q)Ti+1 = Ti + m(XTi

, Q)

the system has failed
or XTi

≥ L ?

M ≤ XTi
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k < K ?

Imperfect preventive maintenance

Set:XTi
= XTi
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with intervention gainZk

Set:XTi
= 0, k = 0
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Figure 4. Decision process of the maintenance policy.

3.1. RUL based inspection

Different inspection policies, which aim to optimize the inter-
inspection interval length, have been introduced in literature.
In fact, the inter-inspection interval length can be fixed re-
gardless of the degradation level, e.g. (Ponchet et al., 2011),
or aperiodic and deteriorating-dependant via an inspection
scheduling linear (Grall et al., 2002), or non-linear (Barker
& Newby, 2009) function with respect to the deterioration
level. Residual Useful Life (RUL) based inspection has been
recently introduced, see (Cui et al., 2004; Gebraeel et al.,
2005; Yang & Klutke, 2001). The latter seems very promis-
ing especially in the context of condition-based maintenance.

The main idea of the RUL based inspection is that the next in-
spection time is chosen such that the probability of the failure
of the system before the next inspection remains lower than
a limit Q (0 < Q < 1 and it is a decision variable to be op-
timized). If we letTi denote the time at which the system is
inspected, the corresponding degradation level of the system
isXTi

, the next inspection time is then determined by:

Ti+1 = Ti +m(XTi
, Q), (4)

with,

m(XTi
, Q)

= sup{∆T : P(XTi+∆T ≥ L|XTi
) ≤ Q}, (5)
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Figure 5. Illustration of degradation behavior and mainte-
nance policy.

where:

P(XTi+∆T ≥ L|XTi
) = P(XTi+∆T −XTi

≥ L−XTi
)

=

∫ ∞

L−XTi

fαk∆T,β(x)dx

= 1−

∫ L−XTi

0

fαk∆T,β(x)dx. (6)

It is clear thatm(XTi
, Q) depend on the current degradation

level of the system, the failure thresholdL and the parameter
Q (Gebraeel et al., 2005). The illustration of inter-inspection
interval is shown in Fig. 5. The integration ofm(XTi

, Q) in
the maintenance decision process is illustrated in Fig. 4.

Finally, the inspections are assumed to be instantaneous, per-
fect and non-destructive. When an inspection is performed,a
costCi is incurred.

According to this inspection policy, the reliability of thesys-
tem between two inspection times interval remains higher or
equal to (1−Q). This means that the proposed maintenance
policy can provide an optimal maintenance planning with a
given reliability level. From a practical point of view, this
result seems to be very interesting since in many industrial
systems, the reliability of the system may be an important
constraint due to technical and/or economical reasons, seefor
example (Do Van, Vu, Barros, & Berenguer, 2012).

3.2. Optimization of the maintenance policy

To evaluate the performance of the maintenance policy, the
long-run expected maintenance cost rate including the un-
availability cost is used herein as the main criterion.

According to the proposed model, the cumulative mainte-
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nance cost at timet is:

Ct(M,K,Q)

= Ci.Ni(t) +

Nip(t)∑
k=1

Ck
p +Np(t)Cp +

Nc(t)∑
j=1

Cc + Cd.d(t),

(7)

where:Ni(t), Np(t), Nip(t), Nc(t) are respectively the num-
ber of inspections, of perfect preventive maintenance, of im-
perfect maintenance and of corrective replacement in[0, t];
d(t) is the the total time passed in a failed state in[0, t].

By using the renewal theory (Ross, 1996), the long run ex-
pected maintenance cost per unit of time is:

C∞(M,K,Q) = lim
t→∞

Ct(M,K,Q)

t
. (8)

Stochastic Monte Carlo simulation is used to evaluate this
cost criterion. The optimal values of the decision parameters
(M,K,Q) are obtained by minimizing the expected mainte-
nance cost rate, e.i.,

C∞(M∗,K∗, Q∗) (9)

= min
M,K,Q

{C∞(M,K,Q), 0 ≤ M < L, 0 ≤ K, 0 < Q < 1}.

(10)

According the maintenance policy, the interest of imperfect
maintenance policy is represented byK∗. WhenK∗ = 0,
no imperfect action is considered, the proposed maintenance
policy becomes a perfect one whose performance is investi-
gated and proved in (Grall et al., 2002; Do Van & Berenguer,
2010). Besides, the higherK∗ is, the more the interests of
imperfect actions are.

4. NUMERICAL EXAMPLE

The purpose of this section is to show how the proposed
maintenance policy can be used in maintenance optimisation
through a simple example whose characteristics are described
in Section 2.

Consider a deteriorating system in which its degradation be-
havior, when no maintenance is carried out, is assumed to be
described by a Gamma process with scale parameterα0 = 1
and shape parameterβ = 1. If the degradation of the system
exceeds the failure thresholdL = 20, the system is failed.
Both corrective and perfect maintenances can restore com-
pletely the system to the ’as good as new’ state. Besides, the
deterioration level of the system can be improved by imper-
fect maintenance actions which however may affect the de-
terioration speed, see again Section 2.2. Table 1 reports the
data related to inspection, maintenance costs, unavailability
cost rate (all costs are given in arbitrary units) and the impact
of imperfect maintenance actions on the deterioration speed.

Ci Cc Cp C0
p Cd η γ

10 100 90 70 20 3 0.2

Table 1. Data of costs and impact of imperfect actions

To evaluate the mean maintenance cost per unit of time, the
simulations are done on a very large interval of time so that
t is assumed to tend to infinity. In order to find the optimal
decision parameters (M,K,Q), the average of maintenance
cost per unit of timeC∞(M,K,Q) is evaluated with different
values ofM (0 ≤ M < L), K (K ≥ 0) andQ (0 < Q <
1) by using Equation (8). A numerical optimization scheme
is used, the optimum values of the decision parameters are
M∗ = 14, K∗ = 4 andQ∗ = 0.10 for an optimal cost
rateC∞(M∗,K∗, Q∗) = 5.15. To compare with a perfect
maintenance policy (only the maintenance cost criterion is
herein used),K is set to be 0 (as mentionned above, when
K = 0, the proposed imperfect maintenance policy becomes
the perfect RUL based maintenance policy which seems to
be an efficient policy in the framework of perfect condition-
based maintenance, (Grall et al., 2002; Do Van & Berenguer,
2010)), the minimum average maintenance cost rate is then
6.23 which is much more higher than the result obtained by
the imperfect policy. Moreover, the sensitivity with respect to
the number of imperfect actions within a life cycle is sketched
in Fig.6. The results show that whenK ≤ 4, the maintenance
cost rate increases quickly ifK is close to 0 and whenK ≥ 4
the maintenance cost rate increases slowly with respect to the
increasing ofK. According to these results, it is clear that
imperfect maintenance actions seem to be more appropriate
than perfect ones.
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Figure 6. Mean maintenance cost rate as a function ofK.

4.1. Sensitivity analysis to the imperfect maintenance cost

The performance of imperfect maintenance actions may de-
pend on their related cost which are herein by characterized
by η, see Equation (3). Table 2 reports the optimum values of
M , K andQ and the minimum value ofC∞(M,K,Q) for
different values ofη.
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Optimal decision parameters
η M∗ K∗ Q∗ C∞(M∗,K∗, Q∗)
0 16 0 0.15 6.23

0.4 16 0 0.15 6.23
1 16 0 0.15 6.23
2 14 2 0.13 5.72
3 14 4 0.10 5.15
5 12 6 0.08 4.44

Table 2. Optimal maintenance policy with a givenη

The results show that whenη ≤ 1, the maintenance cost rate
remains unchanged, the optimal maintenance policies corre-
sponds to a perfect maintenance policy (K = 0). However,
the maintenance cost rate decreases dramatically whenη > 1.
This means that, in this case study, the imperfect maintenance
cost has a significant influence on the performance of the im-
perfect maintenance policy.

4.2. Sensitivity analysis to the impact of imperfect main-
tenance on the deterioration speed

To analyze the impact of imperfect maintenance actions, dif-
ferent values ofγ are considered. For each value ofγ, a
maintenance policy characterized by the decision parameters(
M,K,Q) is optimally found using Equation (9) and the ob-
tained results are reported in Table 3.

Optimal decision parameters
γ M∗ K∗ Q∗ C∞(M∗,K∗, Q∗)

0.05 12 13 0.06 4.31
0.1 13 5 0.07 4.78
0.2 14 4 0.10 5.15
0.5 15 2 0.11 5.69
1 15 1 0.12 5.99
2 16 0 0.15 6.23
3 16 0 0.15 6.23

Table 3. Optimal maintenance policy with a givenγ

The results show that when the impact of imperfect actions
on the deterioration speed of the system is small, the main-
tenance cost is relatively low. Oppositely, when the im-
pact of imperfect actions on the deterioration speed is large,
γ ≥ 2, the maintenance cost is high and the proposed imper-
fect maintenance becomes a perfect policy (K = 0). This can
be explained by the fact that imperfect maintenance actions
are cheaper than perfect ones however they are indirectly pe-
nalized by their negative influence on the deterioration speed
of the system. As a consequence, when their effect on the
system’s deterioration process is small, they become more
appropriate and when this effect is large, perfect maintenance
actions seems to be a better choice.

5. CONCLUSIONS

In this work, a condition-based maintenance (CBM) model
considering both perfect and imperfect maintenances for a
deteriorating system is proposed. Imperfect maintenance ac-

tions characterized by random intervention gains are studied
and discussed with different types of their related cost which
may be a concave, linear or convex function with respect to
intervention gain. The impact of imperfect actions on the de-
terioration speed of the system is also investigated. More-
over, an adaptive maintenance policy with the residual useful
life (RUL) based inspections is proposed. The proposed im-
perfect maintenance policy may optimally become a perfect
policy (Grall et al., 2002; Do Van & Berenguer, 2010) for
several cases, e.g., when the imperfect cost is high or/and im-
perfect actions largely affect the deterioration speed of the
system. Finally, the performance of the proposed policy is
illustrated and discussed through an example of deteriorating
system. Different sensitivity analysis are investigated to show
the interest of the proposed CBM model.

Our future research work will focus on the detailed devel-
opment of the impacts of imperfect maintenance actions in
the framework of CBM. Furthermore, the application of the
proposed CBM model for realistic industrial systems will be
investigated.

NOMENCLATURE

Ci inspection cost
Cp perfect (replacement) preventive maintenance cost
Ck

p cost of thekth imperfect maintenance action
Cc corrective (replacement) maintenance cost
Cd unavailability cost rate of the system
d(t) total time passed in failed state in[0, t]
C∞(.) long-run expected maintenance cost rate
L failure threshold
K imperfect maintenance threshold
M preventive maintenance threshold
m(.) inter-inspection length
Ni(t) number of inspection in[0, t]
Np(t) number of perfect preventive maintenance in[0, t]
Nip(t) number of imperfect preventive maintenance in[0, t]
Nc(t) number of corrective maintenance in[0, t]
Q failure probability between two inspection times
Ti i th inspection time
Xt system deterioration level at timet
Zk kth intervention gain
u(.) degradation improvement factor
vk mean deterioration speed after thekth maintenance

action
α0, β scale and shape parameters of the deterioration

process when the system is as good as new
αk scale parameter of deterioration process after thekth

imperfect maintenance action
η a non-negative real number
γ non-negative real number and represents the impact

of imperfect maintenance actions on the deterioration
speed of the system
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Grall, A., Dieulle, L., Bérenguer, C., & Roussignol,
M. (2002). Continuous-time predective-maintenance
scheduling for a deteriorating system.IEEE Transac-
tions On Reliability, 51, 141–150.

Kijima, M., Morimura, H., & Suzuki, Y. (1988). Period-
ical replacement problem without assuming minimal
repair. European Journal of Operational Research,
37(2), 194–203.

Kurt, M., & Kharoufeh, J. (2010). Optimally maintaining a
markovian deteriorating system with limited imperfect
repairs. European Journal of Operational Research,
205, 368–380.

Labeau, P.-E., & Segovia, M.-C. (2010). Effective age mod-
els for imperfect maintenance.Journal of Risk and Re-
liability, 225, 117–130.

Levitin, G., & Lisnianski, A. (2000). Optimization of im-
perfect preventive maintenance for multi-state systems.
Reliability Engineering and System Safety, 67, 193–
203.

Lie, C. H., & Chun, Y. (1986). An algorithm for preventive
maintenance policy.IEEE Transactions On Reliability,
35(1), 71 – 75.

Liu, Y., & Huang, H. (2010). Optimal selective maintenance
strategy for multi-state systems under imperfect main-
tenance.IEEE Transactions On Reliability, 59(2), 356
– 367.

Meier-Hirmer, C., Riboulet, G., Sourget, F., & Roussignol,
M. (2008). Maintenance optimisation for a system with
a gamma deterioration process and intervention delay:
application to track maintenance.Journal of Risk and
Reliability, 223, 189–198.

Mettas, A. (2000). Reliability allocation and optimization for
complex systems. InIeee proceedings of the annual
reliability and maintainability symposium (pp. 216 –
221).

Nakagawa, T., & Yasui, K. (1987). optimal policies for a sys-
tem with imperfect maintenance.IEEE Transactions
On Reliability, R-36(5), 631–633.

Neves, M. L., Santiago, L., & Maia, C. (2011). A condition-
based maintenance policy and input parameters estima-
tion for deteriorating systems under periodic inspec-
tion. Computers and Industrial Engineering, 61, 503–
511.

Nicolai, R. P., Frenk, J., & Dekker, R. (2009). Modelling and
optimizing imperfect maintenance of coatings on steel
structures.Structural Safety, 31, 234 – 244.

Noortwijk, J. van. (2009). A survey of the application of
Gamma processes in maintenance.Reliability Engi-
neering and System Safety, 94, 2–21.

Pham, H., & Wang, H. (1996). Imperfect maintenance.Euro-
pean Journal of Operational Research, 94, 425–438.

Ponchet, A., Fouladirad, M., & Grall, A. (2011). Mainte-
nance policy on a finite time span for a gradually deteri-
orating system with imperfect improvements.Proceed-
ings of the Institution of Mechanical Engineers, Part O:
Journal of Risk and Reliability, 225(2), 105–116.

Ross, S. (1996).Stochastic processes. New york, John Wiley
& Sons, Inc.

Tan, L., Cheng, Z., Guo, B., & Gong, S. (2010). Condition-
based maintenance policy for gamma deteriorating sys-
tems.Journal of Systems Engineering and Electronics,
21, 57–61.

Wu, S., & Zuo, J. M. (2010). Linear and nonlinear preventive
maintenance models.IEEE Transactions On Reliabil-
ity, 59(1), 242 – 249.

Yang, Y., & Klutke, G.-A. (2001). A distribution-free
lower bound for availability of quantile-based inspec-
tion schemes.IEEE Transactions On Reliability, 50,
419–421.

BIOGRAPHIES

Phuc DO VAN is currently assistant professor at Lorraine
University, Research Centre for Automatic Control (CRAN
CNRS UMR 7039), France. He received his Ph.D. in Systems
Optimisation and Dependability in 2008 from Troyes Univer-
sity of Technology (France) where he held an assistant pro-

8



Annual Conference of the Prognostics and Health ManagementSociety 2012

fessor position from 2009 to 2011. His research interests in-
clude stochastic modeling of systems deterioration, optimiza-
tion of maintenance policies (condition-based maintenance,
prognostics for maintenance decision-making, opportunistic
and dynamic grouping maintenance), reliability importance
measures and their related applications.

Alexandre VOISIN was born in Metz, France, in 1969, ob-
tained an engineering degree in Electrical Engineering in
1992. In 1999, he received his Ph.D degree in Electrical
Engineering from the Lorraine University. He is currently
assistant professor at the Lorraine University. His primary
research were in the field of fuzzy logic and information pro-
cessing where he applied these techniques to subjective eval-
uation in the area of car seat comfort.

Since 2003 he is involved in a maintenance project, managed
by Pr. B. Iung. His research deals with dependability, main-
tenance decision in a proactive maintenance strategy, prog-
nostics and monitoring, e-maintenance. He is member of
French and International projects/groups on e-maintenance
such as the CNRS MACOD working group (Modeling and
Optimization of Distributed vs. Collaborative Maintenance),
the French scientific interest group 3SGS on ”Dependability
of Complex Systems” in the project DEPRADEM (Degra-
dation and Prognosis Modeling for Maintenance Decision
Making), the French project BMCI (Condition monitoring
for maintenance and Piloting of naval systems), the Euro-
pean Integrated Project DYNAMITE (Dynamic Decision in
Maintenance), and the international project DEPEN-IMPRO
(Modeling Policies for the improvement of Production Sys-
tems’ Dependability). He is involved in industrial projects
with EDF, DCN, ALSTOM. His main research interests deal
with prognostic, maintenance, multi-criteria decision making,
data analysis, subjective evaluation.

Eric LEVRAT received his Ph.D. in 1989 from the Univer-
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